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Actin-like Proteins MreB and Mbl
from Bacillus subtilis Are Required for Bipolar
Positioning of Replication Origins
wild-type cells (compare Figures 1A and 1B for mreB,
other strains grew likewise, data not shown), showing
that all constructs were functional. Depletion of MreD
showed a mild phenotype, cells became wider and
rounder than wild-type cells (compare Figures 1C and
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Germany 1A). Removal of MreD did not result in the formation of
minicells, ruling out a downstream effect on minCD.
After prolonged resuspension of cells in medium lacking
xylose (after about six doubling times), cells of strain
JS1 (Pxyl-mreB) became round and amorphous (Figure
Summary 1F), losing rod shape (Figure 1F), while cells of strain
JS2 (Pxyl-mbl) first became slightly bent (Figure 1L) and
Actin-like proteins MreB and Mbl are required for then bulgy and twisted, losing straight growth (Figure
proper cell shape and for viability in B. subtilis [1, 2] 1M), as was previously described [1, 2]. Similar to JS1,
and form dynamic helical filaments underneath the cells of strain JS3 (Pxyl-mreC) became wider (Figure 1G)
cell membrane [1, 3]. We have found that depletion and lost their rod shape to remain in a coccal shape
of MreB and Mbl proteins leads to a rapid defect in (Figure 1H) until lysis occurred. However, depleted JS3
chromosome segregation before a defect in cell shape cells were distinctive from depleted JS1 (Pxyl-mreB)
becomes detectable. Under these conditions, the SMC cells in that they were less amorphous and more cocci
chromosome segregation complex that is essential like. Interestingly, depletion of MreBH (strain JS5) first
for proper chromosome arrangement and segregation resulted in wider cells (Figure 1I) and eventually led to
[4–6] loses its specific subcellular localization, and the appearance of a majority of vibrio-shaped cells (Fig-
replication origins fail to localize in a regular bipolar ure 1J) that were even more bent than Mbl depleted
manner as in wild type cells [7–10]. Time-lapse micros- cells. These data show that similar to (but distinctive
copy showed that during depletion of MreB, origin from) Mbl, MreBH is responsible for straight growth
regions can move towards the same cell pole, showing within a single cell, while MreB and/or MreC are required
that bipolar orientation of origin separation is lost. for regulation of the cell diameter.
Contrarily, depletion of three other cell shape determi- To assess if any of the mre/mbl genes are also in-
nants, MreC, MreD, or MreBH (the third B. subtilis actin volved in the separation of chromosomes, we visualized
homolog) had no effect on chromosome segregation nucleoids that contain the DNA in strains JS1-5. Deple-
but varying effects on cell morphology. Depletion of tion of MreC, MreD, and MreBH did not markedly alter
MreC and MreD resulted in formation of round cells, the shape of the nucleoids (they merely became wider as
while depletion of MreBH led to formation of vibrio- the cell width increased), nor did it affect chromosome
shaped cells. The data show that actin proteins Mbl segregation, because all cells contained DNA (Figures
and MreB are required for proper chromosome segre- 1C, 1G–1J). In contrast, depletion of MreB and Mbl re-
gation and that Mre proteins affect different aspects sulted in a rapid appearance of abnormally shaped
in cell shape. nucleoids (decondensed nucleoids are indicated in Fig-
ures 1D and 1K) and in the formation of anucleate cells
after only two to three doubling times (Figures 1E andResults and Discussion
1L, indicated by arrowheads). Compacted nucleoids in
Figure 1E are characteristic of guillotining of unsegre-B. subtilis mreB is upstream of and forms a putative
gated chromosomes by closing septa, as is observedoperon with mreC, mreD, minC, and minD. MinC and
in smc deletion strains [4, 13]. The number of anucleateMinD proteins are involved in the proper placement of
cells rose with time of depletion until almost 25% ofdivision sites, but not in cell shape or chromosome seg-
MreB-depleted cells were devoid of DNA (250 cellsregation [11]. Mbl is monocistronic, while mreBH is in
counted), contrary to Mbl-depleted cells that showeda putative operon with a small downstream gene that
only up to 5% anucleate cells (250 cells counted).is not involved in cell shape or chromosome segregation
Importantly, this defect in chromosome segregation was[12]. Because mreB and mreC are essential genes [12],
seen in cells that did not yet show a detectable defectwe placed each gene under the control of a xylose induc-
in cell shape (Figures 1D, 1E, 1K, and 1L), showing thatible promoter that is efficiently shut down in the absence
the segregation defect is not a secondary effect of ab-of xylose and in the presence of glucose. The 5 coding
normal cell shape. In addition, since depletion of MreCregion of each gene was cloned into a Pxyl-containing
or MreD did not result in a segregation phenotype (rulingplasmid and was integrated into the B. subtilis chromo-
out a downstream effect of MreB depletion), our resultssome by single crossover. In the presence of 0.5%–1%
show that MreB and Mbl, but not other Mre proteins,of xylose, all constructs grew with the same doubling
are required for chromosome segregation.time as, and with a cell shape indistinguishable from,
To investigate at which step segregation might be
affected in the absence of MreB or Mbl, we moved an
SMC-YFP fusion [4] or a construct in which origin re-*Correspondence: graumann@mailer.uni-marburg.de
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Figure 1. Fluorescence Microscopy of Growing B. subtilis Cells
(A) PY79 (wild-type).
(B) JS1 (Pxyl-mreB) grown in the presence of xylose.
(C–M) All strains were grown in the absence of xylose. (C) JS4 (Pxyl-mreD), four doubling times after depletion; (D–F) JS1 (Pxyl-mreB), about
two (D), four (E), or six (F) doubling times after depletion; (G and H) JS3 (Pxyl-mreC), about four (G) or six (H) doubling times after depletion;
(I and J) JS5 (Pxyl-mreBH), about four (I) or six (J) doubling times after depletion; (K–M) JS2 (Pxyl-mbl), about two (K), four (L), or six (M)
doubling times after depletion. Membranes were stained with FM4-64 and DNA with DAPI. White arrows indicate segregation defects and
anucleate cells; white bars, 2 m.
gions on the chromosome are decorated with GFP-LacI an early or on a later step in chromosome segregation.
In wild-type cells, the SMC complex (consisting of an(binding to a tandem array of lactose operators) [9, 10]
into JS1 or JS2, generating strains in which SMC or SMC dimer and two interacting proteins, ScpA and
ScpB) principally localizes in two foci within each cellorigin regions can be visualized while MreB or Mbl can
be depleted. Because SMC is not required for the sepa- half (SMC foci move from the middle of cells early in
the cell cycle toward opposite cell poles after separationration of origin regions but is required for separation of
termini [14], we could distinguish between an effect on of origin regions [4, 6]) (Figure 2A). In contrast, MreB-
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Figure 2. Fluorescence Microscopy of Growing B. subtilis Cells
(A) Strain JM25 (smc-yfp), (B) and (D) strain JS6 (Pxyl-mreB, smc-yfp), and (C) strain JS7 (Pxyl-mbl, smc-yfp). (B) and (C) show two to three
doubling times after depletion, and (D) shows six doubling times. Arrows indicate SMC foci close to cell poles. (E) Strain JS10 (Pxyl-mreB,
GFP origin tag) in the presence of xylose or (F) and (H) in the absence of xylose. (G) Strain JS11 (Pxyl-mbl, GFP origin tag). (F) and (G) show
2–3 hr after depletion and (H) shows 6 hr after depletion. Membranes were stained with FM4-64 and DNA with DAPI. White lines indicate
septa between cells; white or gray bars, 2 m.
and Mbl-depleted cells contained predominantly one or only in small cells (thus early in the cell cycle, see [9,
10]), MreB- and Mbl-depleted cells frequently containedtwo SMC foci near one cell pole before a change in cell
shape became detectable (Figures 2B and 2C). SMC- central foci in large cells (Figure 3, fourth column). Pre-
dominantly, wild-type cells had bipolar foci, which wasYFP foci were still detectable in MreB-depleted cocci
which, again, often appeared to contain a single focus much less frequent for MreB- or Mbl-depleted cells (Fig-
ure 3, third column). Instead, depleted cells showed two(Figure 2D). This shows that the SMC complex is aber-
rantly positioned under decreased amounts of MreB and foci located at one cell pole (first column), one central
and one polar focus (second column), or multiple fociMbl and suggests that two SMC centers might move to
only one cell pole rather than in opposite directions. (right column), while this was rarely or never observed
in normal cells. The deficiency of MreB had a slightlyThis is supported by the visualization of origin regions in
depleted cells. Contrary to wild-type cells that contained more drastic effect compared to the decrease in Mbl
levels, as judged by the higher number of cells containingregularly positioned bipolar replication origins (Figure
2E) and soon after depletion of MreB or Mbl, cells con- 2 origin signals. To gain further insight into the nature
of the mislocalization of origin regions in depleted cells,tained rather randomly located origin signals (Figures
2F and 2G, 55% 4 hr after depletion). Finally, MreB- we performed time-lapse microscopy with JS10 cells
(signals in JS11 cells were too faint to allow for multipledepleted coccoid cells mostly contained four origin sig-
nals (Figure 2H). We monitored the position of origin exposures). The first panel of Figure 4 shows a typical
movie of cells growing in the presence of xylose. Similarregions in a large number of cells (300 for each strain).
Figure 3 shows examples of Mbl-depleted cells. While to wild-type cells, two central origin signals move simul-
taneously toward opposite cell poles within 10 to 15wild-type cells and the JS10/11 strains growing in the
presence of xylose contained one or two central foci min and remain at this bipolar position throughout the
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Figure 3. Percentage of Cells Showing the
Indicated Patterns of Origin Localization
Images show examples of Mbl-depleted cells
3 hr after growth in glucose medium lacking
inducer.
remaining cell cycle (about 50% of cells showed normal the poles. Alternatively, as yet unknown motor proteins
exist that use MreB and Mbl as tracks to drive chromo-segregation of origins 2–4 hr after depletion). Contrarily,
we found several cases of cells growing in the absence some regions apart. These two scenarios are supported
by our finding that a decrease in levels of MreB or Mblof inducer in which origin regions moved abnormally. In
Figure 4B, a signal is seen to split into two at minute leads to an accumulation of long cells containing two
central origins that would have been long separated in10, and both origins move to the same pole between
minutes 20 and 25, which is never observed in wild-type wild-type cells (Figure 3). A third possibility is that MreB
and Mbl could orient the replication factory that is lo-cells (this work and [9, 10]). Figure 4C shows an example
of cells in which one origin moves while the other re- cated at the cell center [15] such that origin regions leave
the complex in opposite poleward orientation, whichmains stationary (indicated by white lines); in Figure 4D,
origin regions move toward each other rather than away, is mostly supported by our data showing moving but
displaced origin regions. In any event, accumulating evi-while in Figure 4E, two origin regions alternate between
moving in and out. In toto, these data suggest that origin dence suggests the following scenario for separation of
chromosomes. After initiation of replication, the centralregions are misoriented in the absence of MreB and Mbl
and migrate in a more random fashion or do not separate polymerase replicates and thereby pushes the chromo-
some through itself [16]. Ensuing, RNA polymerase af-at all.
Our results introduce two new players in the process fects separation of duplicated DNA, possibly by concert-
edly driving origin regions away from the center [17]. Asof chromosome segregation in bacteria. MreB and Mbl
are actin homologs and form dynamic helical structures we show here, MreB and Mbl are required for correct
movement of origin regions toward opposite cell poles.[1, 3]. It is possible that polymerization of MreB and or
Mbl from the middle of the cells toward the cell poles Possibly, the two actin helices with their different pitches
orient the central replicase and other components ofpushes replicated regions on the chromosomes toward
Figure 4. Time-Lapse Microscopy of MreB-Depleted Cells
JS10 (Pxyl-mreB, GFP origin tag) cells grown in the presence (A) or absence (B–E) of xylose. In the three last frames in (B), a third origin has
moved in from the other cell half. White lines indicate ends of cells and white arrowheads indicate origin signals within the cells where rapid
movement occurs. White bar, 2 m.
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of Bacillus subtilis and its role in selection of the mid-cell divisionthe segregation machinery. After separation of origins
site. Genes Dev. 12, 3419–3430.to cell poles, the SMC complex also moves to a bipolar
12. Kobayashi, K., Ehrlich, S.D., Albertini, A., Amati, G., Andersen,position, where it condenses and thereby organizes
K.K., Arnaud, M., Asai, K., Ashikaga, S., Aymerich, S., Bessieres,
newly replicated chromosomal regions [4–6, 18]. Recent P., et al. (2003). Essential Bacillus subtilis genes. Proc. Natl.
data suggest that SMC binds to DNA as a ring like Acad. Sci. USA 100, 4678–4683.
13. Britton, R.A., and Grossman, A.D. (1999). Synthetic lethal pheno-structure [6, 19], which might condense DNA by locking
types caused by mutations affecting chromosome partitioningDNA loops. After termination of replication, terminus
in Bacillus subtilis. J. Bacteriol. 181, 5860–5864.regions are also rapidly moved into opposite cell halves
14. Graumann, P.L. (2000). Bacillus subtilis SMC is required for[9], which might be mediated by local condensation of
proper arrangement of the chromosome and for efficient segre-
DNA through the SMC complex within both cell halves. gation of replication termini but not for bipolar movement of
Segregation is finalized by decatenation through topo- newly duplicated origin regions. J. Bacteriol. 182, 6463–6471.
15. Lemon, K.P., and Grossman, A.D. (1998). Localization of bacte-isomerase IV and the Div chromosome dimer resolution
rial DNA polymerase: evidence for a factory model of replication.system [20–22]. It will be interesting to elucidate the
Science 282, 1516–1519.mode of action of prokaryotic actin homologs in this
16. Lemon, K.P., and Grossman, A.D. (2000). Movement of replicat-process.
ing DNA through a stationary replisome. Mol. Cell 6, 1321–1330.
17. Dworkin, J., and Losick, R. (2002). Does RNA polymerase help
drive chromosome segregation in bacteria? Proc. Natl. Acad.Supplemental Data
Sci. USA 99, 14089–14094.Supplemental Data describing experimental procedures and includ-
18. Lindow, J.C., Kuwano, M., Moriya, S., and Grossman, A.D.ing a list of strains used in this work are available at http://www.
(2002). Subcellular localization of the Bacillus subtilis structuralcurrent-biology.com/cgi/content/full/13/21/1916/DC1/.
maintenance of chromosomes (SMC) protein. Mol. Microbiol.
46, 997–1009.
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